Introduction
============

Electrochemistry has become a successful tool for the analysis of biological samples, such as tissue and cancer cells,[@cit1] bacteria[@cit2] and enzymes.[@cit3] As some techniques are able to record currents in the femtoampere range, which relates to only a few thousand electrons transferred per second in a redox process,[@cit4] applications of electrochemistry to biological samples not only include the detection of pathogenic organisms,[@cit5] but also allow monitoring the release of messenger signals in tissue cells on a molecular level[@cit6] and inspire investigations of respiratory chain reactions.[@cit7] In such, a sequence of electron transport proteins govern the transport of electrons from substrate molecules onto molecular oxygen in aerobic organisms and cells to generate energy.[@cit8] As a redox-driven process, energy conversion in the respiratory chain of organisms is particularly interesting to investigate using electrochemistry, and information about oxygen consumption in living cells,[@cit9] as well as influences of compounds on the respiratory chain have been reported.[@cit7]

Quantitative analyses of metabolites released from organisms have been proposed in various ways in literature,[@cit10]--[@cit12] and the expression of a turnover number has become a standard measure in enzymology,[@cit13] where it describes the maximum number of substrate molecules converted by an enzyme in a given time.[@cit14] The use of turnover numbers can also be applied to bacteria and their ability to enzymatically convert redox active substrate molecules, such as *N*,*N*,*N*′,*N*′-tetramethyl-*para*-phenylene-diamine (TMPD), per second at a given concentration during electrochemical measurements. TMPD is particularly interesting, as it is used in cell culture and microbiology to differentiate organisms that exhibit cytochrome c oxidase activity[@cit15] and to distinguish between Gram-negative and Gram-positive pathogenic and non-pathogenic bacteria.[@cit16],[@cit17] It has been well studied by electrochemistry[@cit18] and reveals a clean and reversible electrochemical behaviour.[@cit19] The concept of TMPD oxidation by microorganisms is widely used and is known as a successful colorimetric indicator for bacterial oxidases, as the radical cation TMPD^+^˙, formed by oxidation, shows a characteristic deep blue colour. Hence, its transfer to electrochemistry allows quantification of this process and might enable the future detection of various pathogens *in vitro*.

Herein, we report the electrochemical recognition of the oxidase test, by means of cytochrome c oxidase detection, and its quantitative analysis, expressed as a turnover number, calculated for single bacteria. The oxidation of TMPD by bacterial oxidases, specifically cytochrome c oxidase, a transmembrane protein that plays an important role as an electron acceptor in the respiratory electron transport chain,[@cit17] is monitored in *Bacillus subtilis* (*B. subtilis*) and *Escherichia coli* (*E. coli*). To the best of our knowledge this is the first time cytochrome c oxidase expression can be measured in aerobically grown *E. coli*, demonstrating the capabilities of electrochemistry applied to biological samples. *E. coli* are Gram-negative, rod-shaped bacteria, representing an ideal model organism for many studies in molecular biology, because of its high proliferation rate in growth medium in laboratory culture flasks.[@cit20] Being part of the normal gut flora in many vertebrates, but also being responsible for about 2 million deaths per year, related to intraintestinal and extraintestinal diseases, *E. coli* is known for both its commensalism and pathogenicity.[@cit21] In contrast to other Gram-negative bacteria, *E. coli* is a facultative anaerobic organism that, if grown in the presence of oxygen, cytochrome c oxidase expression cannot be detected by the oxidase test.[@cit22] The presented study demonstrates the ability of electrochemistry to detect trace amounts of electrochemically active substances and represents an accurate, fast and inexpensive analysis method for pathogenic and non-pathogenic bacteria, based on electroactive species converted by the organisms.

Results and discussion
======================

In this section, we first analyse and identify TMPD-BF~4~ as a suitable redox mediator for the electrochemical analysis of bacteria. As a proof of concept, we demonstrate the electrochemical recognition of the oxidase test in the species *B. subtilis*, resulting in a turnover number, calculated for single bacteria. Finally, we present the detection of cytochrome c oxidase in aerobically and anaerobically grown *E. coli* bacteria, emphasizing the sensitivity of this method.

The compound *N*,*N*,*N*′,*N*′-tetramethyl-*para*-phenylene-diamine (TMPD) is rapidly oxidized by atmospheric oxygen, therefore the radical cation salt *N*,*N*,*N*′,*N*′-tetramethyl-*para*-phenylene-diamine tetrafluoroborate (TMPD-BF~4~) was synthesized, to assure solution stability and higher accuracy during bioelectrochemical measurements. TMPD-BF~4~ was synthesized following the procedure of Yamauchi *et al.*[@cit23] A product composition of ∼75% TMPD-BF~4~ and 25% TMPD in solution was determined (Fig. S1[†](#fn1){ref-type="fn"}), and its electrochemical behaviour was analysed using cyclic voltammetry. [Fig. 1a](#fig1){ref-type="fig"} shows cyclic voltammograms recorded using a 3 mm gold macroelectrode in 2.1 mM TMPD-BF~4~ in PBS buffer solution (0.17 M, pH 7.4a), which functions as supporting electrolyte. Various scan rates, ranging from 30 to 300 mV s^--1^, were applied. As the singly oxidized form of TMPD, the TMPD^+^˙ radical cation can be reduced to TMPD and oxidized to TMPD^2+^: at which only the first redox step is fully reversible,[@cit24] and will be the focus of the presented work. Using the commercial simulation software DigiSim® (Basi), theoretical curves were fitted to experimental data.[@cit25]--[@cit29] [Fig. 1b](#fig1){ref-type="fig"} shows the linear behaviour of the TMPD-BF~4~ peak current as a function of the square root of scan rate, which can be used for the extraction of a diffusion coefficient following the Randles--Ševcík equation. A diffusion coefficient *D*~TMPD-BF4~ of 1.0 × 10^--5^ cm^2^ s^--1^ was determined for a solution temperature of 37 °C and fixed in the DigiSim® program. Detailed information about the calculation of *D*~TMPD-BF4~ can be found in the ESI.[†](#fn1){ref-type="fn"} Following the approach in literature,[@cit30] the redox reaction (1) was simulated to determine the Butler--Volmer kinetic parameters of TMPD^+^˙ reduction at the macroelectrode and a fitting of the concentration-independent heterogeneous standard electrochemical rate constant (*k*~s~) as well as the standard electrode potential *E*~0~ was conducted.

![Electrochemical analysis of TMPD-BF~4~ by cyclic voltammetry. (a) Experimental (full lines) and simulated (dotted lines) cyclic voltammograms in 2.1 mM TMPD-BF~4~. (b) Linear relationship of the reductive peak current and square root of scan rate (*v*) for both experimental and simulation data.](c7sc03498a-f1){#fig1}

To account for minor solution changes related to the oxidation of TMPD by oxygen, the initial concentration ratio of TMPD to TMPD^+^˙ was slightly adjusted for each scan without changing the overall shape or position of the simulated curves. This allowed an offset correction for the presented curves and a capacitive contribution between 10 to 30 μF was attributed. From the simulations, the standard electrochemical rate constant *k*~s~ was determined to be equal or greater than 0.025 cm s^--1^, and a standard electrode potential *E*~0~ of 0.013 (±0.001) V *vs.* SCE was determined. The resulting theoretical voltammograms ([Fig. 1a](#fig1){ref-type="fig"}, dotted lines) are in good agreement with the experimental measurements (full lines). The electrochemical characterization of TMPD-BF~4~, its solubility and stability make it a suitable redox mediator for the analysis of pathogenic and non-pathogenic bacterial oxidases.

For the localized electrochemical recognition of cytochrome c oxidases in bacteria, target cultures were immobilized onto a gold macroelectrode by dropcasting and immersed into a solution of PBS, containing 1.7 mM TMPD^+^˙ ([Fig. 2](#fig2){ref-type="fig"}). The radical cation can be reduced electrochemically at the electrode to TMPD, providing the substrate for the target bacteria to oxidise and convert TMPD back to TMPD^+^˙.

![Schematic representation of the electrochemical recognition of cytochrome c oxidase. The immobilization of bacteria onto a 3 mm gold electrode by dropcasting results in the local oxidation of TMPD to TMPD^+^˙ by bacterial cytochrome c oxidases. TMPD^+^˙ can be converted to TMPD at the electroactive surface of the electrode, resulting in an increase in reduction current during cyclic voltammetry or chronoamperometry.](c7sc03498a-f2){#fig2}

The chemical oxidation of TMPD to TMPD^+^˙ can be observed in a test tube as a colour change, as shown in [Fig. 3a](#fig3){ref-type="fig"} (inset), and is known as "oxidase test" in enzymology and microbiology. To transfer this process to an electrochemical set up, *B. subtilis* bacteria (cultured on agar) at different concentrations, ranging from 3.5 × 10^6^ cells to 4 × 10^7^ cells (1.75 to 20 monolayers (ML)), were dropcasted onto a working electrode. By applying an oxidative potential far exceeding the standard potential of TMPD during chronoamperometry, any remaining TMPD in the diffusion layer of the electrode is converted to TMPD^+^˙. An immediately following step potential to the reductive regime generates TMPD as an artificial electron donor for *B. subtilis\'* cytochrome c oxidases. [Fig. 3a](#fig3){ref-type="fig"} shows an increase in electrochemical current in the presence of *B. subtilis* bacteria at the electrode, compared to the control, representing an unmodified electrode surface. A level of detection (LOD) of 5 × 10^6^ bacteria at the electrode was determined, corresponding to a surface concentration of about 2.5 monolayers (ML), whereas electrode blockage was observed at a concentration of 20 ML. When cultured in broth instead of agar plates, *B. subtilis* results in a negative oxidase test ([Fig. 3a](#fig3){ref-type="fig"}, inset, test tube right) and can be employed as a negative control, as shown in [Fig. 3b](#fig3){ref-type="fig"}. Here, a concentration of 1 ML does not result in a measurable current increase and electrode blockage is already observed at a surface concentration of 3 ML. Error bars in all figures represent three times the standard deviation.

![Chronoamperometry in 1.7 mM TMPD-BF~4~. (a) *B. subtilis* oxidase test positive bacteria (inset test tube left) result in an increase in current until a surface concentration of 2.5 monolayers (ML) when applying a potential of 250 mV (5 s), followed by a potential step to --150 mV (5 s). (b) *B. subtilis* oxidase test negative bacteria (test tube right) function as a negative control. Error bars represent 3 times the standard deviation.](c7sc03498a-f3){#fig3}

To transfer the previously established proof of concept to more pertinent, pathogenic bacteria, *E. coli*, cultured under aerobic conditions, were investigated. In cell culture, standard oxidase tests performed under these conditions result in a negative outcome, missing the characteristic blue colour indication of TMPD^+^˙ ([Fig. 4a](#fig4){ref-type="fig"} inset). Although *E. coli* bacteria do possess a ccm gene cluster in the *aeg*-46.5 operon region, which becomes important for the functional pathway involved in cytochrome c maturation,[@cit31] amounts of cytochrome c synthesised under aerobic bacteria growth cannot be detected by techniques in molecular biology, such as SDS-PAGE.[@cit32] However, the genomic information of *E. coli* strongly suggests that cytochrome c maturation in this organism follows a pathway similar to the one that has been shown for other bacteria.[@cit31] Furthermore, gradual gene activity levels as well as protein expression up and down regulation under conditions, such as oxygen deprivation have been reported in literature,[@cit33] in contrast to straight forward on or off switch mechanisms. In fact, cytochrome c-heme lyase activity was found to be present in aerobe *E. coli*,[@cit34] which gives reason to suspect a minimal expression of cytochrome c in *E. coli*, even in the presence of oxygen. Interestingly, as it can be seen in [Fig. 4a](#fig4){ref-type="fig"}, a current increase in the presence of *E. coli* at the macroelectrode was observed despite a negative classical colorimetric oxidase test, demonstrating how electrochemical techniques have the potential to outperform other methods in molecular biology.

![Electrochemical analysis of *B. subtilis* and *E. coli* by chronoamperometry. (a) *E. coli* oxidase test negative bacteria (inset) result in an increase in current in the presence of TMPD^+^˙ at various monolayer (ML) concentrations. Error bar represents three times the standard deviation. (b) Chronoamperometry in 0.5 mM TMPD-BF~4~ in the presence of 3 × 10^7^*E. coli* bacteria (equivalent of 3 ML), dropcasted onto a 3 mm gold electrode surface. Different delay times have been applied, resulting in a maximum current response at 45 s before measurement is performed. (c) Normalized current difference between controls (unmodified electrode) and samples containing *B. subtilis* and *E. coli* bacteria, grown under different culture conditions. A linear relationship can be seen for currents of samples containing up to 1 × 10^7^ immobilized cells.](c7sc03498a-f4){#fig4}

Furthermore, [Fig. 4b](#fig4){ref-type="fig"} illustrates the dependency of the electrochemical current signal on an experimental delay time. After immobilization of *E. coli* bacteria, the electrode was placed in solution and kept for various delay times before a potential step was applied. At a delay time of 45 s, a maximum current response was achieved ([Fig. 4b](#fig4){ref-type="fig"}, red line), indicating that bacteria present require time to generate sufficient amounts of TMPD^+^˙ to be recognized at the electrode. If a delay time of 90 s or greater is applied, the concentration differences are thought to equilibrate and the current response decreases. The enhanced electrochemical signal in the presence of *E. coli* can also be recorded during cyclic voltammetry (Fig. S2[†](#fn1){ref-type="fn"}). However, due to the small current range detected, scan rates as low as 2 mV s^--1^ need to be applied in order to visualize the oxidation process of TMPD by the bacteria. At these slow scan rates contribution to the current signals by convective effects have to be assumed. Consequently, chronoamperometry measurements were chosen for quantitative analyses.

To promote an increased cytochrome c maturation in *E. coli*, bacteria were cultured to the stationary phase, which resulted in a positive oxidase test in *E. coli* (Fig. S3[†](#fn1){ref-type="fn"} inset), probably due to the competition for oxygen in solution. As expected, the increased cytochrome c oxidase activity under these growth conditions can be seen electrochemically and is presented in Fig. S3.[†](#fn1){ref-type="fn"}

As during dropcasting both living and dead bacteria of a solution are deposited at an electrode. Flow cytometry measurements were performed to estimate the percentage of living cells in solution, which contribute to the electrochemical signal (Fig. S4[†](#fn1){ref-type="fn"}). Analysis of *B. subtilis* revealed a cell viability of about 90%, whereas *E. coli* bacteria showed about 97% cell viability, which had to be respected for the calculation of a quantitative turnover number. Taking the electrochemical current during chronoamperometry (measurement point at 8 s), a turnover number was determined. At a bacteria count ranging from zero up to 10^7^, this turnover number was observed to scale linearly with the number of bacteria ([Fig. 4c](#fig4){ref-type="fig"}). As such, a turnover number per single bacterium (*T*~sb~) could be calculated using the equationwhere Δ*I* is the current difference between sample and control average, *e* represents the charge (1.60 × 10^--19^ A s), *f* is the viability factory (0.9 *B. subtilis*, 0.97 *E. coli*), *N*~bac~ is the number of bacteria dropcasted onto the macroelectrode and *C* is the concentration of TMPD^+^˙ in solution. For *B. subtilis* grown on agar, a *T*~sb~ of 9.8 (±0.3) × 10^8^ L mol^--1^ s^--1^ was calculated, whereas *E. coli*, grown to the exponential phase revealed a *T*~sb~ of 3.8 (±0.06) × 10^8^ L mol^--1^ s^--1^, which corresponds to about 39% of the value obtained for *B. subtilis*. The analysis of TMPD oxidation by aerobe *E. coli* demonstrates the ability of electrochemistry to detect trace amounts of redox active species generated by biological matter. When grown in broth to the stationary phase, *E. coli* resulted in a *T*~sb~ of 1.8 (±0.3) × 10^9^ L mol^--1^ s^--1^, which represents an increase to about 185% compared to the value obtained for *B. subtilis*.

As a summary, [Fig. 4c](#fig4){ref-type="fig"} consolidates measurements in *B. subtilis* and *E. coli* under different growth conditions, representing the normalized current difference (current difference divided by the current recorded at the unmodified electrode) as a function of the number of bacteria immobilized at the macroelectrode. A linear relationship for currents obtained for samples containing up to 1 × 10^7^ bacteria can be seen, before electrode blockage is observed at higher bacteria concentrations.

Experimental
============

Chemical reagents
-----------------

All chemicals were purchased from Sigma-Aldrich, if not indicated otherwise. Phosphate buffered saline (PBS, 0.17 M) solution consists of 8 g sodium chloride (≥99%), 0.2 g potassium chloride (≥99%), 1.44 g sodium phosphate dibasic (≥99%), 0.24 g potassium phosphate dibasic (≥99%) and was completed to 1 L using nanopure water with a resistivity not less than 18.2 MΩ cm at 25 °C (Millipore water purification system).

Synthesis of TMPD-BF~4~
-----------------------

The radical cation salt TMPD-BF~4~ was prepared following the method of Yamauchi *et al.*[@cit23] In short, TMPD (99%) was dissolved in 18 mL nanopure H~2~O and 24 mL methanol, containing 9 g sodium tetrafluoroborate (Alfa Aesar, UK, 97%). Aqueous bromine solution (32 mL, 0.252 mol kg^--1^) was added dropwise to the cooled TMPD solution (--10 °C). Resulting crystals were washed repeatedly with ice-cold methanol, followed by dry ether, and were recrystallized from methanol. Crystals appeared brownish purple, in accordance with literature,[@cit23] and a melting point of 125--127 °C was determined. Please see ESI for details.[†](#fn1){ref-type="fn"}

Bacteria culture and oxidase test
---------------------------------

### Escherichia coli

Bacteria were cultured in 2 × TY liquid microbial growth medium (broth), containing 16 g L^--1^ tryptone, 10 g L^--1^ yeast extract and 5.0 g L^--1^ NaCl. Growth medium was inoculated with bacteria from frozen stocks and incubated in glass culture flasks for 18 h at 37 °C in an incubator shaker (Model G25, New Brunswick Scientific, USA). An *E. coli* suspension of 50 μL was transferred into a new culture flask, containing fresh growth medium. Following incubation for 3 to 4 h at 37 °C, the number of bacteria in solution was determined by optical density (OD) at a wavelength of 600 nm (OD~600~ of 1.0 = 8 × 10^8^ cells mL^--1^).[@cit35] When an OD~600~ between 0.4 and 1.8 was reached, bacteria were harvested by centrifugation (Centrifuge 5702, Eppendorf, UK) for 15 min at 3000 rcf and re-suspended in pre-warmed (37 °C) PBS.

### *Bacillus subtilis* (strain PY79)

Low salt growth medium (broth) (BD Bacto, UK), containing 10 g L^--1^ tryptone, 5.0 g L^--1^ yeast extract and 5.0 g L^--1^ sodium chloride, was inoculated with cultures from frozen stocks and incubated at 30 °C for 36 h in an incubator shaker (Multitron Pro, Infors HT, UK). An OD~600~ was determined to calculate number of bacteria in solution (OD~600~ of 1.0 = 5 × 10^8^ cells mL^--1^).[@cit36],[@cit37] Bacteria were harvested by centrifugation for 10 min at 300 rcf and re-suspended in pre-warmed (30 °C) PBS. Cultures grown on agar, containing 10 g L^--1^ tryptone, 5.0 g L^--1^ yeast extract 5.0 g L^--1^ sodium chloride and 20 g L^--1^ agar, were inoculated onto agar plates and grown at 30 °C for 36 h in a static incubator (HeraTherm, Thermo Fisher, UK).

For the oxidase test, 200 μL of a 1% (wt) *N*,*N*,*N*′,*N*′-tetramethyl-*p*-phenylenediamine dihydrochloride (TMPD-2HCl) solution was added to 1 mL of cell suspension (1 × 10^7^ cells μL^--1^). Images were taken within 30 s of solution mixture.

Electrochemical measurements
----------------------------

Electrochemical measurements were carried out using a modular potentiostat (PGSTAT302N, Autolab, UK). All experiments involving bacteria cultures were conducted at 37 °C inside a Faraday cage. An in-house fabricated gold microelectrode with a diameter of 6.9 μm was employed to determine the concentration of TMPD-BF~4~ in solution by cyclic voltammetry. Information about calculations can be found in the ESI.[†](#fn1){ref-type="fn"} Working electrodes were polished prior to experiments using a water--alumina mix (1.0, 0.3 and 0.05 μm, 30 seconds for each grade) on microcloth polishing pads (Buehler, USA).[@cit38] In all experiments, a standard calomel electrode and a platinum mesh were employed as reference and counter electrodes, respectively.

Bioelectrochemical measurements
-------------------------------

A 3 mm (diameter) gold macroelectrode (Alvatek Ltd, UK) was used as working electrode for all bioelectrochemical measurements. After polishing, sonication of the macroelectrode was applied for 2 minutes to assure removal of alumina powder from the electrode surface. Bacteria were immobilized onto the electrode by drop casting. For this purpose, the macroelectrode was placed in an electrode holder inside a 50 mL falcon tube, keeping it in upright position. Bacteria suspension was diluted so that all depositions consisted of 3 μL bacteria suspension representing monolayer concentrations of 0.5 to 30. The falcon tube was closed and bacteria suspension dried under N~2~ flow. Evaporation was monitored by eye and N~2~ flow was stopped the moment all liquid was evaporated. The electrode was removed from the holder and was placed in the electrochemical set up. The electrochemical cell remained thermostatted to 37 °C throughout the experiments.

Chronoamperometry was carried out immediately after dropcasting of bacteria to minimize cell death at the electrode. In case of *E. coli* organisms, a delay time of 45 s was applied after the electrode was brought in contact with the solution, holding the electrode at open circuit potential. An oxidative potential of 250 mV was applied for 5 s, followed by a potential step to a reductive regime of --150 mV, which was held for 5 s also. All potentials are indicated *vs.* a saturated calomel reference electrode (SCE).

Conclusions
===========

We have successfully demonstrated that the colorimetric oxidase test, commonly employed in cell and microbiology, can be transferred to an electrochemical set up and the expression of cytochrome c oxidase was quantified in the model organism *B. subtilis*, resulting in a turnover number *T*~sb~ of 9.8 (±0.3) × 10^8^ L mol^--1^ s^--1^ for single bacteria. Furthermore, we conclude that although grown aerobically, *E. coli* bacteria show trace amounts of cytochrome c oxidase, whose activity can be detected electrochemically, revealing a *T*~sb~ of 3.8 (±0.06) × 10^8^ L mol^--1^ s^--1^ (about 39% compared to *B. subtilis*). The electrochemical recognition of the TMPD oxidation by bacterial oxidases can be applied to a variety of pathogens. Improving the experimental set up to lower the LOD to a competitive range and transferring the presented principle onto a selective device, the detection of pathogenic bacteria, such as *Neisseria meningitidis*, or bacteria related to sexually transmitted infections, is anticipated.
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